The coolest known brown dwarfs are our best analogs to extrasolar gas-giant planets. The prolific detections of such cold substellar objects in the past two years has spurred intensive followup, but the lack of accurate distances is a key gap in our understanding. We present a large sample of precise distances based on homogeneous mid-infrared astrometry that robustly establish absolute fluxes, luminosities, and temperatures. The coolest brown dwarfs have temperatures of 400-450 K and masses ≈5-20× that of Jupiter, showing they bridge the gap between hotter brown dwarfs and gas-giant planets. At these extremes, spectral energy distributions no longer follow a simple correspondence with temperature, suggesting an increasing role of other physical parameters such as surface gravity, vertical mixing, clouds, and metallicity.
with exoplanets but that also share common masses and thus surface gravities. In recent years, searches for ever colder free-floating brown dwarfs-objects with masses below the hydrogenfusing mass limit-have steadily pushed the census of the solar neighborhood to ever lower masses and finally perhaps into the planetary-mass regime ( ∼ < 13 Jupiter masses).
The detection of large samples of brown dwarfs at the beginning of the last decade ushered in two, now widely accepted, spectral types denoted by the letters "L" and "T" that extend the canonical OBAFGKM scheme for classifying stars that had stood untouched for nearly a century. Over the last two years, candidates for a "Y" spectral class have been uncovered in binary surveys (1, 2) and in all-sky imaging data from WISE, the Wide-field Infrared Survey
Explorer (3) . The primary criterion adopted to trigger this class has been the appearance of ammonia (NH 3 ) absorption in near-infrared (1-2.5 µm) spectra.
Y dwarfs probe colder atmospheric physics than before, with putative effective temperatures as low as T eff ∼ 300 K and masses of ≈5-20 Jupiter masses (3) . If found orbiting a star, a Y dwarf would likely be considered a gas-giant planet. However, these estimated properties of Y dwarfs are speculative given the uncertainty in their temperatures, ages, and luminosities.
Temperatures have only been estimated from model atmospheres that use incomplete molecular line lists and simple prescriptions for complex processes like nonequilibrium chemistry and condensate formation.
An independent approach for determining temperatures is to combine bolometric luminosities (L bol ) with evolutionary model-predicted radii (R ) and apply the Stefan-Boltzmann Law,
. Recent observations of transiting substellar objects generally support evolutionary model radius predictions over a wide range of masses (4) (5) (6) . Although many may not be ideal test cases, since they may have formed via core accretion or have been intensely irradiated, variations in radii are expected to be relatively small and not strongly influence our resulting temperatures given the weak dependence on radius (T eff ∝ R
−1/2
). Therefore, the key measurements needed to determine temperatures via luminosity are accurate distances to Y dwarfs, along with a method for computing L bol from multi-wavelength photometry.
Trigonometric parallaxes provide the only direct means of measuring distances to stars. A star's distance is inversely proportional to the amplitude of its apparent periodic motion on the sky relative to more distant background stars, which is due to the Earth's orbital motion around the Sun. The amplitude of this effect is small, 0.1 arcseconds for a star at 10 parsec, and thus measuring parallaxes requires long-term, precise position measurements. We have been using the Infrared Array Camera (IRAC) on board the Spitzer Space Telescope to obtain such astrometry of late-T and Y dwarfs from 2011-2012.
Spitzer currently trails the Earth by ≈2 months in its solar orbit, and keeping its solar shield directed at the Sun forces the telescope to observe stars near parallax maximum. By maintaining a cold temperature Spitzer can obtain sensitive images in the thermal mid-infrared, where Y dwarfs emit most of their flux, giving it an advantage over ground-based near-infrared observations of Y dwarfs. We also use an improved correction for the nonlinear optical distortion of Spitzer/IRAC that enables ∼10× smaller residual errors than the correction used by the standard data pipeline, allowing us to unlock the precision astrometric capabilities of Spitzer.
By combining our parallaxes (Table S1 , Fig. S1 ) with photometry from the literature (7-9),
we have determined absolute magnitudes in the near-infrared Y JHK bands (≈1.0-2.4 µm) and
Spitzer's mid-infrared bands at 3.6 µm and 4.5 µm (Table S2 , Fig. 1, Fig. 2 ). For each spectral type bin, we computed the weighted mean absolute magnitude as well as upper/lower limits on the amount of intrinsic scatter in the magnitudes (Table S3) .
Objects classified as normal Y0 dwarfs are ≈2 magnitudes (≈6×) fainter in the nearinfrared compared to the latest type T dwarfs, yet they generally share very similar colors.
The most notable exception is that the Y − J colors become much bluer for Y dwarfs (9), which we find is due to flux at ≈1.25 µm dropping by 5× while flux at ≈1.05 µm only drops by 2.5×. This behavior is consistent with prior speculation that Y dwarfs may be so cool that the alkali atoms that dominate absorption at blue wavelengths for warmer brown dwarfs finally become locked into molecules like Na 2 S and KCl, thereby reducing the opacity at 1.05 µm relative to 1.25 µm (10). The appearance of such molecules could result in the return of substantial condensate clouds (11) and corresponding variability/weather.
In contrast to their near-infrared behavior, Y dwarfs show remarkable diversity in their midinfrared colors. Even though they are only ≈2× fainter than the latest T dwarfs at these wavelengths, they range from the same color as late-T dwarfs to much redder (≈0.8 magnitudes).
One of the reddest objects is WISEP J1405+5534, which has been typed as "Y0 peculiar?" because its H-band spectral peak is shifted 60Å redder than the Y0 standard WISEP J1738+2732 (3) . We find that WISEP J1405+5534 in fact has a very similar temperature to other Y0 dwarfs (Table S5) indicating that its unusual spectrum is due to another physical property. Both the mid-infrared color and peculiar spectrum may be explained by a reduced level of nonequilibrium chemistry in the photosphere, perhaps due to reduced vertical mixing. This would produce enhanced NH 3 absorption at H-band as compared to other Y0 dwarfs and enhanced CH 4 absorption relative to CO driving WISEP J1405+5534 to redder to each other to within 15%-25%. This is very unusual compared to warmer brown dwarfs, which do not show such step-function behavior at any spectral type transition and also show much larger intrinsic scatter (≈30%-50%) in absolute fluxes for a given spectral type (12) .
This homogeneity among the Y0 dwarfs is further unexpected because it reverses the trend observed for the late-T dwarfs that the scatter increases substantially with later type, cooler objects ( Fig. 3) . For example, here we double the sample of T9 dwarfs with accurate distances and find that their near-infrared fluxes typically have a scatter of 130%-210%.
Another unexpected result is that T9.5 dwarfs appear to be brighter at all bandpasses than the mean for T9 dwarfs and the T9 standard UGPS J0722−0540. Given the smaller sample of T9.5 dwarfs (three objects) and their more uncertain distances, this brightening is currently a 2σ result, i.e., the weighted means in Table S3 are consistent with being equal at a p-value of 0.05.
Such a brightening is reminiscent of the change in near-infrared fluxes from late-L to early-T dwarfs (13, 14) , however we note that the brightening at the L/T transition only occurs at blue near-infrared wavelengths whereas we see brightening at all bands for the T9.5 dwarfs.
To derive bolometric luminosities from the absolute fluxes, we computed "super-magnitudes"
by summing the fluxes in near-and mid-infrared bandpasses. This is an approximation to the standard method of integrating the observed spectral energy distribution as a function of wavelength, which is not possible for Y dwarfs given the current lack of sensitive mid-infrared spectrographs. We derived a multiplicative correction to account for the remaining flux not captured in these bands from a large grid of model atmospheres (11, 15) . The weak dependence on these models is highlighted by the 8% fractional uncertainty in this correction factor (Fig. S4 ).
We used the Cond evolutionary models (16) to estimate radii and thereby temperatures, masses, and surface gravities from the bolometric luminosities of our sample (Fig. 4 , Table S5 ).
We assumed fiducial ages of 1 Gyr and 5 Gyr as expected for the field population (17, 18) . The tangential velocities for our sample are consistent with having such typical ages. We find that the fractional change in temperature over this narrow range of spectral types is remarkably large:
the mean temperature of T8 dwarfs is 685-745 K (for 1-5 Gyr), and this drops to 410-440 K for Y0 dwarfs (Table S6) . Thus, these two subtypes alone span the same fractional range in temperature as the entire sequence of FGK stars (7300-4400 K) that are ∼10× hotter.
Although much cooler than their late-T counterparts, Y0 dwarfs turn out to be significantly warmer than previously suggested from model atmosphere fitting (Fig. S5) . The most common best-fit models of Y0 dwarfs in previous work have T eff = 350 K, with plausible model fits of 400 K in some cases (3). Thus, model fits are typically 60-90 K (≈15%-25%) cooler than we find from our distances combined with evolutionary model radii. If the fault lies with our assumed radii, they would need to be 30%-50% larger than expected because
This would require very young ages ( ∼ < 100 Myr) or very large systematic errors in the evolutionary models that are not likely given the aforementioned empirical validation from transiting brown dwarfs. Rather, we suggest that parameters derived from fitting model atmospheres to near-infrared spectra, where ∼ < 5% of the flux emerges, are less likely to be accurate because current atmospheres imperfectly reproduce observed spectra.
Using our luminosity measurements, we find that the coldest brown dwarfs would be 6-10
Jupiter masses given an age of 1 Gyr. An older age of 5 Gyr implies 16-25 Jupiter masses. These masses therefore straddle the current demarcation of "planetary mass" set by the deuteriumfusing mass limit of ≈13 Jupiter masses (19) (20) (21) . Thus, it is possible that the atmospheres of our objects harbor deuterated molecules such as HDO or CH 3 D that have not yet been detected because of the observational challenges (22) .
Given the interest in both identifying the coldest atmospheric benchmarks and searching for the bottom of the initial mass function we briefly consider the most extreme objects in our sample in terms of temperature and mass. WISEP J1828+2650 has been dubbed the archetypal Y dwarf with a model-atmosphere temperature of ∼ < 300 K, i.e., room temperature, based on extremely red colors implying that the Wien tail of its underlying blackbody distribution has moved into the near-infrared (3). Our luminosity for this object is inconsistent with such a low temperature, and we find it must be at least 420 K at 2σ; our calculations give 520
+60
−50 K at an age of 1 Gyr. (If WISEP J1828+2650 is a binary as proposed by (9) the 2σ limit at 1 Gyr only drops to 360 K and 340 K for the hypothetical two components.) Its atypical properties compared to other Y dwarfs may simply be due to a slightly lower surface gravity, i.e., slightly younger age, which qualitatively agrees with model predictions that the collapse in near-infrared flux happens at warmer temperatures for lower surface gravity (23) . Ross 458C is a contender for the lowest mass object, at 7 Jupiter masses, if its age is near the 150 Myr lower limit of its proposed age range (24) . However, WD 0806−661B is the most secure case for both lowest temperature (330-375 K) and lowest mass (6-10 Jupiter masses) object known, given that it has a precise age of 2.0 ± 0.5 Gyr (25).
Overall, our results strengthen the connection between the coolest brown dwarfs and gasgiant exoplanets. We validate that they probe an extreme physical regime that bridges the gap between previously known, hotter brown dwarfs and Jupiter-like planets. We find that objects of very similar temperatures can have widely varying spectral energy distributions and absorption features, e.g., a range of 0.8 magnitudes in mid-IR colors for the same T eff . Along with the fact that the ≥Y2 dwarf is warmer than the Y0 dwarfs, this implies that temperature is not the principal determinant in shaping spectra but rather seems to be on comparable footing with other physical properties such as surface gravity, vertical mixing, clouds, and perhaps metallicity. Consequently, the current spectral classification scheme used to identify Y dwarfs may not strongly correlate with temperature as it generally does for L and T dwarfs. This could explain the unusually homogeneous fluxes for Y0 dwarfs, unusually heterogeneous fluxes for T9 dwarfs, and plateau or brightening of flux from T9 to T9.5. //sha.ipac.caltech.edu/applications/Spitzer/SHA, and the astrometric measurements we derived are given in Table S1 . Figure 4 : Bolometric luminosities (L bol ) and effective temperatures for objects of spectral type T8 and later; spectrally peculiar objects are denoted by white symbols. Objects with L bol uncertainties larger than 0.2 dex are shown as smaller, gray symbols. These are either objects with very uncertain distances or the components of tight binaries where the lack of resolved midinfrared photometry results in a very uncertain bolometric flux. Error bars for spectral types are not plotted, and small x-axis offsets have been added to the spectral types for clarity. Effective temperatures are derived from our L bol measurements and Cond evolutionary model radii. Upward and downward pointing triangles correspond to the median L bol and lower and upper age limits used (see Table S5 ). Error bars show the range of temperatures corresponding to the ±1σ range of L bol over the same age range. (3), and five late-T dwarfs with parallax measurements in the literature that serve as a check on our methods.
In the post-cryo ("warm") Spitzer mission, only IRAC channels 1 and 2 at 3.6 µm and Spitzer pipeline processing. These low-level products have standard corrections applied for detector bias, nonlinearity, pixel-to-pixel response (i.e., flat fielding), and well-understood image artifacts such as column pulldown and muxstripes.
We obtained positional measurements from all sources in each field from the implementation of DAOPHOT (27) in IRAF. The point-spread function (PSF) model used by DAOPHOT was defined within a radius of 8 , and we used a fitting radius of 5 , i.e., 3.0 × the 1. 7 full-width at half-maximum (FWHM) of IRAC channel 1 images. For daofind, we allowed very liberal sharpness and roundness thresholds since the undersampled IRAC images do not constrain these parameters well (0 < sharp < 99; −9 < round < 9), and spurious detections were rejected by clipping later in our analysis. We then used phot to measure positions and fluxes for each of the sources from daofind, using an aperture of 2. 5 and a sky annulus of 3. 3-5. 8.
Positions were generated by the default centroiding algorithm using a centering box of 5 . We applied our IRAC distortion solution to the resulting (x, y) positions directly within IRAF using the routine xygeotran, since this is the native environment in which we measured and stored the polynomial coefficients.
We analyzed the resulting position measurements in nearly an identical fashion as in our previous work using ground-based infrared imaging from the Canada-France-Hawaii Telescope (12) . First, we created an astrometric catalog at each epoch by cross-identifying detections and registering the individual dithers. At this initial stage we excluded the lowest S/N detections, applying a threshold in S/N that ranged from 5-10 depending on the data set. (For denser fields we could afford stricter cuts.) Our method for cross-identifying sources used a temporary astrometric solution for the field, created using the WISE All-Sky Source Catalog (28) . We only kept sources that are detected in ≥50% of our frames, and we σ-clipped these measurements, both of which effectively eliminate spurious detections from appearing in the final astrometric catalog for a given epoch. For positional uncertainties, we used the standard error of the measurements. Next, we registered the astrometry between epochs, masking all sources with large proper motion (>100 mas year
), including the target, during this process. Finally, we determined the absolute astrometric calibration (e.g., pixel scale and orientation) by matching sources with low proper motion to the WISE All-Sky Source Catalog.
The properties of each astrometric catalog are given in Table S1 , which lists the number of epochs, time baseline, and total number of reference stars as well as the number of reference stars matched with the WISE catalog. For our observations, the median astrometric precision per epoch for our targets was 30 mas, with 97% between 20 mas and 40 mas. Our median target S/N was 27, while the first epoch archival data was sometimes of lower S/N and thus had somewhat larger astrometric errors (median of 50 mas and 90% were <60 mas).
Parallaxes and Proper Motions
We determined the proper motions and parallaxes of our targets using essentially the same method as described in Section 2.4 of (12). We found the best-fit solution using MPFIT in IDL (29) and then performed a Markov Chain Monte Carlo (MCMC) analysis using 30 chains each with 10 6 steps. The key difference is that we used the JPL ephemeris for Spitzer rather than the JPL DE405 ephemeris of the Earth when computing parallax ellipses. In Table S1 we give the parameters derived from our MCMC analysis: right ascension (α), declination (δ), parallax (π rel ), and proper motion (µ α cos δ and µ δ ). The resulting parameter distributions all appear to be consistent with Gaussians based on fits to their histograms, so we simply quote the median and standard deviation derived from each set of chains. Note that the parallax and proper motion are relative in the sense that the astrometric reference frame for each target is defined by stars at a finite distance and thus has some mean parallax and proper motion. However, even in our shallowest 12-second exposures, the Besançon model of the Galaxy (30) predicts that the mean parallax of our reference stars is 1.5 mas and that 90% of the stars have parallaxes <3 mas. This is ≈7-20× smaller than our parallax errors and thus negligible. The χ Finally, we note that we visually inspected images from the first and last epochs to determine if our targets may have been blended with background stars during any of our observations.
The control T8p dwarf 2MASS J0729−3954 appears in the first epoch to have been passing very close to a star that is ≈1.3 mag fainter at [3.6] . Given this background star's position of (α, δ) = (112.
• 2488, −39.
• 8959), 2MASS J0729−3954 would have passed as close as 2. 7 to this star both in our data and in the Blanco/ISPI imaging used by previous authors to measure its parallax (31) . Thus, both of our parallax measurements may be biased by contaminating light from this background star.
Comparison ). Seven of our science targets have recently published parallaxes from (35) , and the χ 2 of differences between their values and ours is 5.7 (7 dof, p = 0.58). Thus, our parallaxes are in good agreement with the results of (35), but our uncertainties are ≈2-4× smaller. Our smaller errors are likely due to the fact that we are using a higher quality distortion solution for Spitzer/IRAC and ∼10× more reference stars. We also note that most of our proper motion values agree within 1σ compared to (35) , with three being different by 1.1-2.0σ. A comparison of all our parallaxes to published results is shown in Fig. S2 .
One of our science targets, WISEP J1828+2650, has a few different reported parallaxes in the literature. One value of 122 ± 13 mas (8) was based on preliminary results later published in (36) , and this is 2.7-σ discrepant with our value of 70 ± 14 mas. These authors more recently reported three values based on two different methods of computing relative astrometry (see their Table 7 ). Their "method 1" gives 103 ± 16 mas, 1.6-σ larger than our value, and their "method 2" gives 79 ± 12 mas in good agreement with our parallax (36) . A parallax of 90 ± 9.5 mas is also reported based on combining the two methods (36), but we choose not to adopt this value as it likely underestimates the measurement uncertainty. The two methods use the same underlying imaging data and thus are not truly independent data sets, so they cannot simply be combined to reduce the measurement errors. In the following, we use our parallax value for WISEP J1828+2650 since it has a similar uncertainty to the (36) values but is based on data from a single bandpass and telescope, which reduces the chances for systematic errors.
In particular, if WISEP J1828+2650 is an unresolved binary with components having different colors, as suggested by (9), then its photocenter would shift between different bandpasses.
Finally, we consider the handful of our targets with low significance parallax detections.
One science target WISEP J1541−2250 (S/N = 2.4; Y0.5) and one control object Ross 458C
(S/N = 2.4; T8) have parallax S/N < 3. As we discuss above, our results for the control objects are in good agreement with the more precise published values. For WISEP J1541−2250, our MCMC analysis gives an upper limit of 148 mas for the parallax at 99% confidence. While our results for this object agree with the new value of −21 ± 94 mas (35), it is highly discrepant with the earlier measurement from the same group of 351 ± 108 mas (7).
Two additional science targets, WISEP J0148−7202 (S/N = 3.8; T9.5) and WISEP J0458+6434
(S/N = 3.7; T8.5+T9.5), and one control target 2MASS J0729−3954 (S/N = 3.6; T8p) have 3 < S/N < 5 parallaxes. For cases of such low S/N, an assumption that objects are distributed uniformly in space volume would naturally lead to a strong prior in parallax and thereby result in a systematic offset in measured values, i.e., "Lutz-Kelker bias" (37) . If other prior information is available, e.g., about absolute magnitudes or velocities, this can be used to mitigate Lutz-Kelker bias, particularly in the lowest S/N cases where the very steep prior causes zero parallax solutions to dominate for S/N ∼ < 4, the "Lutz-Kelker catastrophe" (38) . However, we
do not yet know the expected brightness of Y dwarfs or if their velocity distribution is different from better studied L and T dwarfs.
Instead, we have investigated the validity of the uniform volume prior given that our science targets were discovered in an all-sky magnitude-limited survey. We simulated this assuming that the underlying absolute magnitudes followed a normal distribution and that objects were distributed uniformly in space. The resulting distance distributions when applying a selection cut in apparent magnitude are shown in Fig. S3 . These are all essentially lognormal distributions of differing widths that have a tail at small distances that matches a uniform volume prior.
Thus, the slope of the prior, i.e., whether large or small distances are preferred, actually depends on where the object is with respect to the magnitude limit of the survey, and this would require a prior assumption for its absolute magnitude. If most objects are found near the survey limits, as is usually the case, a roughly flat prior corresponding to the peaks of these distributions would actually be most appropriate. Since we do not know the absolute magnitudes Y dwarfs a priori, we conservatively choose to adopt a simple, uniform prior in the parallax. This approach is supported by a test using the two control objects with low significance parallaxes. For 2MASS J0729−3954 and Ross 458C we tried a uniform volume prior in our MCMC analysis by adding 4 log(π/π best-fit ) to the χ 2 and found that the resulting parallaxes were brought out of agreement with literature values under such a prior.
Absolute Magnitudes
In Table S2 , we have compiled the available near-and mid-infrared photometry for our sample as well as all other objects of spectral types T8 or later with distance measurements.
For the mid-infrared we use Spitzer/IRAC photometry since it is typically of much higher S/N than WISE catalog photometry for the latest type sources, which are often not detected in the In Table S3 , we give mean absolute magnitudes for each spectral type bin, along with a lower or upper limit on the amount of intrinsic scatter in each bin, depending on whether the rms in the magnitudes is consistent with that expected from measurement uncertainties or not, i.e., p(χ 2 ) ≥ 0.5 or p(χ 2 ) < 0.5, respectively. Note that we chose a p-value cutoffs of 0.5/0.5 here rather than 0.95/0.05 or 0.05/0.95 since we do not know a priori whether to expect significant intrinsic scatter or not. The null hypothesis is not necessarily that there should be zero intrinsic scatter, since earlier spectral types often (but not always) show significant scatter in absolute magnitudes (12) . These upper/lower limits on the intrinsic photometric scatter at each spectral type are shown in Fig. 3 . We excluded from our table of mean magnitudes and the discussion here two Y0 dwarfs that have unreliable parallaxes, WISE J0359−5401 and WISE J1639−6847.
In our analysis we use the tabulated mean absolute magnitudes rather than polynomial fits as a function of spectral type that are commonly used in other work (8, 35) . This is because smooth polynomials often do not accurately capture changes in absolute flux with spectral type.
At spectral types of T8, T8.5, and T9, our mean absolute magnitudes are within ±0. dwarfs, which impossible to capture with the smooth polynomial from (8), our mean value is 1.8 mag brighter than their relation at this spectral type. Finally, our mean H-band fluxes for Y0 dwarfs are 0.6 mag brighter than the polynomial from (8) . This is simply due to the polynomial undershooting their data points that happen to be very similar to ours, despite updated distances since their preliminary parallaxes and improved photometry from (9).
Calculating Bolometric Luminosities
As little as ∼ < 3% of the emergent flux of Y dwarfs is expected to be emitted in the standard near-infrared windows at Y JHK, and no existing facilities are capable of measuring the spectra of Y dwarfs in the mid-infrared where they emit most of their light. Therefore we must rely on models to some extent when deriving bolometric luminosities for our sample, since we cannot directly integrate the observed SEDs. Fortunately, the available photometry typically captures ∼ > 50% of the bolometric flux, which helps weaken this dependence on models.
Rather than use a single bandpass, we develop a method of summing the fluxes from individual bandpasses to compute "super-magnitudes" that combine both mid-infrared and nearinfrared flux when possible. To have as much uniformity in our L bol calculations as possible, we chose filter combinations for which the largest subsets of targets have available photometry.
All single objects earlier than Y1 in our sample have photometry in J, H, [3.6] , and [4.5] bands, so this defined the main super-magnitude we used (m JH12 ). We used model atmospheres (11, 15) to compute bolometric corrections for the supermagnitudes m JH12 and m 12 . To span the possible range of properties for our sample, we used models with temperatures of {300, 400, 500, 600, 700} K and surface gravities of {1, 3, 10} × . We used models with cloud sedimentation parameters ranging from f sed = 2-5, i.e., thick to thin clouds (11), as well as corresponding cloud-free models (15) . Fig. 9 of (11) the f sed = 4, 5, and cloud-free models agree best. Therefore, we used only these subsets of cloud parameters, and this resulted in 47 different models being used to calculate bolometric corrections. We took the mean and standard deviation of the derived values and found BC JH12 = 2.93 ± 0.08 mag and BC 12 = 5.29 ± 0.21 mag (Fig. S4) . (Note that we initially tried larger ranges of model parameters but found that they did not significantly change the resulting bolometric corrections, since most of the flux is already captured by the super-magnitudes.)
For future reference, we also computed bolometric corrections using bands 1 and 2 of WISE instead of IRAC. We calculate a J+H+W 1+W 2 bolometric correction of 2.93 ± 0.06 mag and W 1+W 2 bolometric correction of 5.12 ± 0.21 mag, assuming model magnitude zero points of 5.751 × 10−8 erg cm In order to derive bolometric luminosities for objects without mid-infrared photometry, mostly components of tight binaries, we derived bolometric corrections for near-infrared magnitudes alone. Rather than rely directly on models, we used the apparent bolometric magnitudes (m bol ) of the single objects that have mid-infrared photometry to compute bolometric corrections at Y , J, H, and super-magnitudes of Y +J, J+H, and Y +J+H. We then took the weighted average at each spectral type, and these values are reported in Table S4 . The rms about these mean values was 0.6 mag for all filter combinations, and we consider this to be the uncertainty in these bolometric corrections. As expected, the scatter is much higher with-out mid-infrared photometry, since even Y +J+H captures only ≈10% of the bolometric flux.
However, this method arrives at much more precise bolometric corrections than are possible using models alone (e.g., if we used models as above but for a Y JH super-magnitude we would derive BC Y JH = 0.9 ± 1.2 mag).
In Table S5 we list the apparent bolometric magnitudes derived for our sample along with the final bolometric luminosities, where log(L bol /L ) ≡ (4.7554 − m bol + 5 log d − 5)/2.5, where d is the distance in parsecs. 3 We quote m bol and L bol separately so that improved parallax measurements in the future can be readily applied to compute new luminosities. In Fig. 4 we plot our derived L bol values as a function of spectral type. As a test of our methods, we check the two T8 dwarfs with published values for L bol based on near-infrared and mid-infrared spectra.
The published values of log(L bol /L ) = −5.67 ± 0.02 dex for 2MASSI J0415−0935 (39) and −5.69 ± 0.03 dex for 2MASS J0939−2448 (40) are more precise than our values and agree well with our derived luminosities, within 1.3σ and 0.4σ, respectively. In the following analysis, we use our L bol values for these two objects for consistency when comparing results among the rest of the sample.
Deriving Effective Temperatures and Other Fundamental Properties
Effective temperature is defined as
, where σ is the StefanBoltzmann constant. We can therefore derive effective temperatures for our sample late-T and Y dwarfs using our measured luminosities and an assumption for their radii. Evolutionary models (16, 41) generally agree well with the measured radii of transiting substellar objects over a wide range of masses from ≈5-60 M Jup (4-6, 42). We note that transiting objects in the ≈5-20 M Jup mass range that we are most interested in may have formed via core accretion or have been subjected to intense stellar irradiation over their lifetimes, either of which could alter their 3 The bolometric absolute magnitude of the Sun is from http://www.pas.rochester.edu/ emamajek/sun.txt. Note that we also recompute the model log(L bol /L ) values from radius and T eff using the corresponding solar luminosity of 3.827 × 10 radii compared to the solar-abundance, gas-only evolutionary models relevant for our sample.
However, despite the fact that they may not be ideal test cases, the ensemble of measurements to date display the expected trends that more intensely irradiated objects are inflated compared to non-irradiated models (43) and massive objects most likely to be entirely gaseous and least likely to be affected by irradiation agree well with models (44). Furthermore, we note that observed variations in radii compared to models are relatively small and similar to the variations predicted over the range of plausible ages and masses. Evolutionary models fortuitously predict that the mass-radius relationship is nearly flat with maximal variations of only ±15% over more than an order of magnitude in mass (5-80 M Jup ). At ages typical for field brown dwarfs, radii are predicted to contract by only ≈5% at a given mass from 1 Gyr to 5 Gyr, although we note that for much younger ages their radii can be substantially larger (e.g., 10%-20% larger at We use the Cond evolutionary model isochrones (16) at ages of 1 Gyr and 5 Gyr to derive radii, temperatures, masses, surface gravities, and deuterium abundances for our sample. We interpolate the logarithm of these quantities from each isochrone as a function of log(L bol ).
We have chosen these models because they are among the most widely used models that are appropriate for objects that have no silicate condensate clouds in the photosphere. In principle, clouds at earlier stages of evolution can have some impact on properties at older ages, but the available models accounting for such effects do not currently extend to low enough luminosities (45). New evolutionary models are currently being developed that not only account for silicate cloud evolution but previously neglected sulfide clouds (11) . As an example of the differences between evolutionary models with varying boundary conditions and interior structure physics, the predicted radii from (45) are 3%-5% higher over the 5-30 M Jup mass range at 1 Gyr compared to Cond models. This contributes a negligible uncertainty of 1.5%-2.5% to our derived temperatures.
In Table S5 we list the model-derived properties for each object, with uncertainties given solely by the individual luminosity errors propagated through the interpolation of the models.
Note that these error bars therefore only reflect the rms in the parallaxes and bolometric corrections at a given age and do not include any potential systematic errors in our bolometric corrections or in the evolutionary model isochrones. In Table S6 , we report weighted averages as a function of spectral type for the luminosities and model-derived properties of "normal" objects. We do not report individual values of the deuterium abundance relative to the initial abundance (D/D 0 ), since it is typically either zero or unity. The Cond models predict that at 1 Gyr objects should have retained nearly all of their initial deuterium for T eff ≤ 500 K and should have depleted almost all of it for T eff ≥ 615 K. At 5 Gyr, Cond models predict that deuterium boundary lies at T eff = 320-390 K, i.e., cooler than we find for normal T8-Y0 dwarfs at that age. We note that this is a potential test of the ages/masses of this sample, since an older, i.e., higher mass, population of Y0 dwarfs should show no evidence of deuterium, whereas younger objects of similar temperature would retain most or all of their deuterium.
A few objects in our sample are companions to more massive stars with independent age constraints. Ross 458AB has an age in the range 150-800 Myr based on strong chromospheric activity and a lack of spectroscopic signatures of very low surface gravity (24) . Thus, we used these ages instead of 1 Gyr and 5 Gyr to derive properties from the Cond models. (Note that on the extreme ends of this age range, Ross 458C is expected to retain all or none of its initial deuterium.) WD 0806−661A has a white dwarf cooling age of 2.0 ± 0.5 Gyr (25), and thus we use ages of 1.5 Gyr and 2.5 Gyr for WD 0806−661B. The other companions, Wolf 940B at 3.5-6.0 Gyr (46), BD+01 2920B at 2.3-14.4 Gyr (47), and WISE J1118+3125 at 2-8 Gyr (48), have ages that are not well constrained but are broadly consistent with one or both of our fiducial ages of 1 Gyr and 5 Gyr, so we do not calculate separate properties for these objects.
In Fig. 4 we show our derived effective temperatures as a function of spectral type. The mean luminosity for T8 dwarfs is in good agreement with previous estimates based on more extensive SED coverage, log(L bol /L ) = −5.70 dex, and at ages of 1 Gyr and 5 Gyr this corresponds to 685 K and 745 K, respectively. Normal Y0 dwarfs have a mean temperature of 410 K and 440 K for assumed ages of 1 Gyr and 5 Gyr. They are more than an order of magnitude less luminous than T8 dwarfs, and correspondingly T eff drops by 40% and masses are predicted to be lower by a factor of ≈2. (Note that evolutionary models predict that radii increase by ≈20% with decreasing mass over the range ≈5-60 M Jup , so this slightly counteracts the trend of lower luminosity objects at a given age having lower T eff .)
The temperatures of Y0 dwarfs, despite being much cooler than their late-T counterparts, are significantly warmer than found by model atmosphere fitting (3). In Fig. S5 we show these published temperatures for objects in common with our parallax sample. For four "normal" For our entire sample of T8 or later objects, we find a weighted mean V tan = 23 km s , both slightly higher than at earlier types but not as high as initial published estimates (7) . This is partly because our parallax distances are 10%-20% closer than earlier photometric distance estimates, but also because the earlier proper motion precision was not sufficient to measure V tan for the slower moving objects in the sample. Note that the 30 km s −1 rms we report for our sample includes scatter due to measurement error, and the mean error in V tan for Y0 dwarfs is 9 km s −1 .
In computing the mean and rms we considered only free-floating late-type systems, i.e., excluding companions to stars or other brown dwarfs, like Ross 458C and WISEP J1217+1626B.
We also exclude three Y0-Y1 dwarfs that only have parallaxes and proper motions from (35) ), which are the only objects that do not satisfy the p thin > 0.9 thin disk criterion from (12) . The only object with nominally higher V tan than these two objects is WISEP J0148−7202 (T9.5; 99 ), but its distance is currently very uncertain (S/N = 3.8).
Beyond Y0
There are four objects with distance measurements that are classified as having spectral types later than Y0. Two of these are in our Spitzer sample, WISEP J1541−2250 (Y0.5) and WISEP J1828+2650 (≥Y2), and the other two only have parallaxes from (35) , WISE J0350−5658 (Y1) and WISE J0535−7500 (≥Y1). These latter two have parallax S/N of 5.8 and 3.2, re-spectively, but (35) report distances having 1.6-1.8× lower S/N after applying their Bayesian priors. This makes the distance of WISE J0535−7500 particularly uncertain, since its parallax of 250 ± 79 mas implies a distance of 4 pc but its quoted final distance is 21 +13 −11 pc after applying priors (35) . Therefore we focus on the two objects with more robust distances in the following.
WISEP J1541−2250 (Y0.5) was originally reported as a Y0 dwarf at 2.8 pc based on a preliminary parallax of 350 ± 110 mas (7). In previous work it has thus often appeared as an extremely faint data point ≈5-6 mag below the end of the T dwarf sequence. The same team has since revised its spectral type to Y0.5 (8) and parallax to −21±94 mas (35) . Our parallax of 74±31 mas is the most precise yet but still too low S/N to securely determine its location relative to T8-Y0 dwarfs. It now appears to be only ≈2 mag fainter than the end of the T sequence in the near-infrared, and its absolute magnitude is consistent with Y0 dwarfs in the near-infrared and with all T8-Y0 dwarfs in the mid-infrared. Its Y JH colors also appear to be consistent with other Y0 dwarfs, while its [3.6] − [4.5] color is slightly redder than the reddest Y0, the peculiar WISEP J1405+5534. WISE J0350−5658 is defined as the spectral standard for the Y1 class (8) . This object does not have Y JHK photometry, but on mid-infrared color-magnitude diagrams it is the reddest known object, with [3.6] and [4.5] absolute magnitudes ≈2-3 mag and ≈1-2 mag fainter (1σ ranges), respectively, compared to Y0 dwarfs. Thus, it would appear that while L bol does not drop substantially going from Y0 to Y0.5, it plummets going from Y0.5 to Y1. Unfortunately, these Y0.5-Y1 objects have some of the lowest significance distance measurements, and the sample is very small, so it is unclear if these trends will turn out to be real.
At face value, WISE J0350−5658 (Y1) would be the least luminous and thus coldest (230-300 K) object in the entire sample, aside from two objects with very uncertain parallaxes, WISE J1639−6847 and WISE J0359−5401. Therefore, it is remarkable that the near-infrared spectrum of WISE J0350−5658 (8) is only subtly different from other Y dwarfs that are nomi-nally ≈150 K (1.6×) warmer. WISEP J1828+2650 has the highest precision distance of any object later than Y0 (14.3 +3.6 −2.4 pc). It was originally typed as >Y0 (3) but has been re-classified as ≥Y2 (8) in the context of a larger sample of near-infrared spectra. WISEP J1828+2650 has singular properties not observed in any other Y dwarf, and thus it has been the subject of extensive discussion in the literature. WISEP J1828+2650 has been dubbed the archetype for the Y spectral class in prior work that ascribes its unusually red J − H and near-infrared minus mid-infrared colors to the collapse of flux as the Wien tail moves into the near-infrared (3). WISEP J1828+2650 is also the only known object to show a suppressed J-band, i.e., 1.27 µm, flux peak. These authors estimated an upper limit of T eff ∼ < 300 K based on a comparison of the observed properties to predictions from atmospheric models (3). In subsequent work, a preliminary parallax of 122 ± 13 mas for WISEP J1828+2650 to compute its absolute magnitudes (8) . This parallax is 3.4σ larger than the final value determined by (36) and 2.7σ larger than our Spitzer-only parallax. Even using the closer distance, (8) found that WISEP J1828+2650 had similar or brighter magnitudes than Y1 dwarfs in the near-infrared and surprisingly was as bright as Y0 dwarfs in the midinfrared. They suggested that if this rebounding of the flux relative to earlier type objects is not a real effect, then it may be due either to systematic errors in their preliminary parallaxes, misclassification of the type for WISEP J1828+2650, or some unknown physical cause. Our updated parallax places WISEP J1828+2650 even farther away, intensifying this puzzle as its mid-infrared magnitudes are even brighter than the earlier type Y dwarfs. Other authors have pointed out that for such large amount of flux to be produced by an object with T eff ∼ < 300 K would require an unusually large radius, implying a very young age of ∼ < 50 Myr and low mass of ∼ < 1 M Jup (9). They suggested instead that WISEP J1828+2650 is an unresolved binary composed of 300 K and 325 K components with types of Y1 and Y1.5 (9) . While this helps explain its mid-infrared flux somewhat, bringing it into better agreement with models, it does not ex-plain the unusually red J − H color and unique near-infrared spectral morphology. Recent work fitting the H-and [4.5]-band absolute magnitudes of WISEP J1828+2650 to Cond model isochrones has found T eff = 275 ± 40 K and T eff = 450 ± 40 K, respectively (36) . These authors conclude that the nature of WISEP J1828+2650 is currently ambiguous due to the fact that no models consistently reproduce its properties (36) . It has also been suggested that low metallicity may be partly responsible for some of the unusual properties of WISEP J1828+2650 (50).
We find that WISEP J1828+2650, with log(L bol /L ) = −6.13
−0.16 dex, is at least as luminous as normal Y0 dwarfs, which have a mean log(L bol /L ) of −6.52 dex. Our approach of summing the near-infrared and mid-infrared fluxes to estimate the bolometric luminosity is distinct from prior work, since it greatly reduces the dependence of our results on predicted colors and magnitudes from models. WISEP J1828+2650 cannot be much less luminous than we have estimated since we directly account for (1. −0.05 R ), which is 3.5σ larger than Cond model radii even for an age of 10 Myr. We therefore suggest that such an explanation is unphysical and that the temperature of WISEP J1828+2650 is indeed warmer than expected from comparison to model spectra. Our calculations give T eff = 520 +60 −50 K and
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−60 K at ages of 1 Gyr and 5 Gyr, respectively. Even if we split the flux into two hypothetical binary components as proposed in Table 7 of (9), we find T eff = 440 
+60
−40 K at 5 Gyr. Thus, regardless of whether or not it is an unresolved binary, we find that WISEP J1828+2650 is as warm or warmer than Y0 dwarfs. We note that it could still be slightly younger than the Y0 dwarfs, and indeed models show that the collapse of the near-infrared flux due to the Wien tail happens at warmer T eff when the surface gravity is lower even up to ages of 5 Gyr (23).
Notes on Individual Objects
We now discuss the handful of objects that are thought to be spectrally peculiar, are lacking spectral types, or that otherwise stand out as atypical.
• 2MASSW J1225−2739B (T8): This is the brightest T8 dwarf in our sample by ≈0.6 mag in the near-infrared. If this object is an unresolved binary it would make this system a triple. However, we note that its T8 spectral type was not determined using resolved spectroscopy of the individual components, like most other objects in our sample but rather by a spectral decomposition technique matching summed template spectra to its integrated-light spectrum, constrained by the measured near-infrared flux ratios which has a quoted uncertainty of ±0.5 subtypes (12) . This is consistent with previous estimates of T8 ± 1 based on optical colors (51) and T7.5 ± 0.5 from near-infrared magnitudes (52).
Thus, a simpler solution to its apparent overluminousness would be that its spectral type is T7.5, not T8, since this would be make its near-infrared magnitudes agree very well with the mean properties of other normal T7.5 dwarfs (12).
• UGPS J0722−0540 (T9): This object is defined as the spectral standard for the T9 class (3). However, its location on color-magnitude diagrams is notably distinct from the other three T9 dwarfs (Fig. 1) ; its absolute magnitudes are ≈0.8 mag fainter in the near-infrared and ≈0.6 mag fainter in the mid-infrared, and its derived T eff ≈ 500-550 K is correspondingly ≈100 K lower. As more parallaxes for T9 dwarfs are obtained, it should become clear whether UGPS J0722−0540 is indeed unique or if the T9 subclass simply shows an unusual amount of diversity.
• WISEP J1405+5534 (Y0p): This object has similar mid-infrared absolute magnitudes to normal Y0 dwarfs, but our parallaxes show that it is ≈1.5 mag fainter in the nearinfrared. Thus, we find it has essentially the same luminosity and temperature as other Y0 dwarfs, but different underlying properties. At discovery this object was typed as peculiar ("pec?") due to the fact that its spectrum's H-band peak is shifted 60Å redder than the Y0 standard WISEP J1738+2732 (3) . If this shift is due to enhanced NH 3 absorption as compared to other Y0 dwarfs of the same T eff , we suggest this may imply a reduced level of nonequilibrium chemistry in the photosphere, perhaps due to reduced vertical mixing. This would be also be consistent with the fact that WISEP J1405+5534 is the reddest Y0 dwarf in Magellan combined with two WISE epochs (53). The formal parallax uncertainty is 12 mas, and these authors adopt an error of 20 mas (53). This object only has J-band photometry, and the preliminary distance implies that it would be ≈2 mag fainter than normal Y0 dwarfs. Using the same rationale as for WISE J0359−5401 above, we have excluded this object from our analysis until a parallax is measured with longer time baseline data.
• CFBDSIR J1458+1013B: This object was discovered by (2) , who speculated that its low luminosity and unusual near-infrared colors might ultimately lead it to be classified as a Y dwarf. A spectrum for this 0. 11 binary companion is not available; however, we can now compare its near-infrared absolute magnitudes to those of other Y dwarfs. On various Y JHK color-magnitude diagrams, it appears to be slightly brighter than or consistent with Y0 dwarfs. CFBDSIR J1458+1013B is ≈1 mag fainter than the faintest T9 dwarf and 0.4-0.7 mag brighter than the mean of normal Y0 dwarfs. Thus, we find that it is more likely to be an early Y dwarf than a very late T dwarf, and we suggest using a photometric spectral type estimate of Y0.
• WD 0806−661B: This object has only been detected in two bandpasses, [3.6] and [4.5] .
According to our estimate of log(L bol /L ) = −6.81 ± 0.09 dex, this would be the least luminous object known to date, possibly except for a few objects that have very uncertain distances (WISE J0350−5658, WISE J0359−5401, and WISE J1639−6847).
Using the white dwarf cooling age from WD 0806−661A and Cond models we find T eff = 353 +23 −22 K, slightly higher than the 300-345 K suggested by (25) based on their comparison of the [4.5]-band absolute magnitude and J-band nondetection to models of (23, 45) . As these authors point out, the models do not reproduce the location of WD 0806−661B on mid-infrared color-magnitude diagrams (25) , so using a single-band flux measurement for their T eff is likely less robust than using the combined flux in both Spitzer bandpasses as we have done. As discussed above, the case of WISEP J1828+2650 also highlights the perils of inferring fundamental properties from model predicted colors and magnitudes for such cool objects. Figure S1: For each object, the top and middle panels show relative astrometry in δ and α, respectively, as a function of Julian year after subtracting the best-fit proper motion. (This is for display purposes only; in our analysis we fit for both the proper motion and parallax simultaneously.) The bottom panels show the residuals after subtracting both the parallax and proper motion and give the rms of the data about the fit. Figure S3 : Distance priors assuming objects are uniformly distributed in volume (straight black line) or discovered in a magnitude limited survey (colored/gray lines). These simulations assume a single class of objects that have a mean absolute magnitude M and intrinsic scatter of 0.1 mag (red/orange), 0.5 mag (gray), or 1.0 mag (blue). We consider limiting magnitudes (m lim ) that are 0.5 mag, 1.0 mag, or 1.5 mag fainter than the mean absolute magnitude of the objects, and the resulting distance distributions are normalized to unity at 3 pc. This shows that a prior uniform in volume is not appropriate for the vast majority of objects discovered in a magnitude limited survey as only the very nearest objects follow such a distribution. Most objects would be discovered near the peaks of these probability distributions, and thus a flat prior in distance and parallax would be more reasonable. Since we do not know the absolute magnitudes of Y dwarfs a priori, we conservatively assume a flat prior in parallax in our astrometric analysis. (squares). The shades of symbols indicate either cloud-free models (black) or f sed = 3, 4, or 5 (light, medium, and dark green, respectively), with larger f sed corresponding to thinner clouds. The very weak dependence of these bolometric corrections on effective temperature enables us to adopt a single value for each super-magnitude for our entire sample of late-T and Y dwarfs. Fig. 4 , with triangles showing the T eff at ages of 1 Gyr and 5 Gyr and x-axis error bars indicating the uncertainty due to luminosity errors. Objects with very uncertain L bol are shown in gray. We plot the best-fit model atmosphere T eff with error bars showing the range of model parameters consistent with the data reported in Table 6 of (3). We find that the Y dwarfs with model atmosphere temperatures of 350 K are in fact significantly warmer (≈400-500 K). The most extreme case is WISEP J1828+2650 (≥Y2) for which model atmospheres give an upper limit of ≤300 K (3), and we find ≈450-650 K. WISEP J0410+1502 is the only Y dwarf for which model atmospheres predict a T eff in agreement with our values, but this is also the lowest gravity model atmosphere fit (log g = 3.75) that would imply a young age and mass of only 3 M Jup . UGPS J0722−0540 (T9) has a best-fit model atmosphere T eff of 650 K, much warmer than our luminosity-based estimate of ≈500-550 K. Note. -For each spectral type and bandpass four numbers are given: (1) the weighted mean absolute magnitude ("avg"); (2) error on the weighted mean (σavg); (3) the additional scatter (σ add ) needed to make p(χ 2 ) = 0.5; and (4) the number of objects from Table S2 used in the bin (n). For cases where the rms is larger than can be explained by measurement error, i.e., p(χ 2 ) < 0.5, the σ add values are essentially lower limits on the amount of intrinsic scatter in the absolute magnitudes at that spectral type. For cases where the rms can be explained simply by measurement uncertainties, i.e., p(χ 2 ) ≥ 0.5, the σ add values represent the upper limit on the amount of additional intrinsic scatter that could be tolerated while still keeping p(χ 2 ) ≥ 0.5. Only "normal" objects are used for these averages, i.e., excluding objects typed as peculiar (2MASS J0729−3954, BD+01 2920B, and WISEP J1405+5534) and two Y0 dwarfs with very uncertain or preliminary distances (WISE J0359−5401 and WISE J1639−6847). Note. -These bolometric corrections were derived from single objects with photometry in at least J, H, [3.6] , and [4.5] bands, i.e., capturing ∼ > 50% of the bolometric flux. We used model atmospheres (12, 13) to compute their bolometric magnitudes and thereby bolometric corrections in near-IR bands: BC X = m bol − m X . The values listed here are the weighted averages of values derived for individual objects in each spectral type bin. The rms about these weighted averages was 0.6 mag, so we take this as the uncertainty in these bolometric corrections. 
0.90 Note. -Uncertainties in spectral types are 0.5 subtypes unless otherwise noted (±1 subtype errors are denoted by ":"). Apparent bolometric magnitudes (m bol ) and bolometric luminosities are computed as described in the text. Effective temperatures (T eff ), radii (R ), masses (M ), and surface gravities (log g) are interpolated from Cond model isochrones (14) at ages of 1 Gyr and 5 Gyr. Error bars on these model derived properties only reflect the nominal uncertainty in the luminosity, i.e., due to the rms in parallax and bolometric corrections, at the given age. They do not include any potential systematic errors in bolometric corrections or the evolutionary model isochrones. Note that we assumed a spectral type of Y0 for CFBDSIR J145829+101343B here, solely for the purpose of computing m bol .
a For Ross 458C ages of 150 Myr and 800 Myr were used instead of 1 Gyr and 5 Gyr, based on the age range determined by (21) .
a For WD 0806−661B ages of 1.5 Gyr and 2.5 Gyr were used instead of 1 Gyr and 5 Gyr, based on the age range determined by (22) . Note. -Only "normal" objects are used for these weighted averages, i.e., excluding objects typed as peculiar (2MASS J0729−3954, BD+01 2920B, and WISEP J1405+5534), two Y0 dwarfs with very uncertain or preliminary distances (WISE J0359−5401 and WISE J1639−6847), and the young T8 dwarf Ross 458C. Averages are computed from the model-derived properties listed in Table S5 , except for the deuterium abundance relative to the initial abundance (D/D 0 ), which is only reported here. Effective temperatures are rounded to the nearest 5 K.
